A stress response kinase, KrsA, controls cAMP relay during the early development of Dictyostelium discoideum  by Muramoto, Tetsuya et al.
305 (2007) 77–89
www.elsevier.com/locate/ydbioDevelopmental BiologyA stress response kinase, KrsA, controls cAMP relay during the early
development of Dictyostelium discoideum
Tetsuya Muramoto 1,2, Hidekazu Kuwayama 1, Kumiko Kobayashi, Hideko Urushihara ⁎
Graduate School of Life and Environmental Sciences, University of Tsukuba, 1-1-1 Tennoudai, Tsukuba, Ibaraki 305-8572, Japan
Received for publication 8 August 2006; revised 29 January 2007; accepted 31 January 2007
Available online 7 February 2007Abstract
Solitary amoebae of Dictyostelium discoideum are frequently exposed to stressful conditions in nature, and their multicellular development is
one response to environmental stress. Here we analyzed an aggregation stage abundant gene, krsA, homologous to human krs1 (kinase responsive
to stress 1) to understand the mechanisms for the initiation of development and cell fate determination. The krsA− cells exhibited reduced viability
under hyperosmotic conditions. They produced smaller aggregates on membrane filters and did not form aggregation streams on a plastic surface
under submerged starvation conditions, but were normal in sexual development. During early asexual development, the expression of cAMP-
related genes peaked earlier in the knockout mutants. Neither cAMP oscillation in starved cells nor an increase in the cAMP level following
osmotic stress was observed in krsA−. The nuclear export signal, as well as the kinase domain, in KrsAwas necessary for stream formation. These
results strongly suggest that krsA is involved in cAMP relay, and that signaling pathways for multicellular development have evolved in unison
with the stress response.
© 2007 Elsevier Inc. All rights reserved.Keywords: Dictyostelium discoideum; Development; Stress response; cAMP relay; Intracellular signaling; Osmotic stressIntroduction
The cellular slime mold Dictyostelium discoideum grows
vegetatively as solitary amoebae. However, cells gather and
form multi-cellular structures in response to environmental
changes. There are two developmental programs in Dictyoste-
lium. In the absence of a food source, asexual development is
initiated by the cooperative aggregation of about 100,000 cells
in streams, which results in the production of a fruiting body
composed of a spore mass and a stalk. Under conditions of
darkness and excess water, cells acquire competency for fusion
to initiate sexual development. They fuse with opposite mating-
type cells to become zygote giant cells, which gather
surrounding cells to engulf and digest, and then form dormant
structures called macrocysts (Kessin, 2001; Urushihara and⁎ Corresponding author. Fax: +81 29 853 6614.
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doi:10.1016/j.ydbio.2007.01.039Muramoto, 2006). Although the two developments are different
in many aspects, cell aggregation mediated by chemotaxis to
cyclic AMP (cAMP) is a common process. Chemotaxis requires
many gene products for producing and sensing cAMP,
including adenylyl cyclase (ACA), cAMP receptor 1 (cAR1),
and cAMP-dependent protein kinase (PKA) (Saran et al., 2002;
Van Haastert and Devreotes, 2004). On the other hand, a
noteworthy difference between the two developments is that the
aggregation streams generated by the cAMP relay are not
observed in the sexual development (O'Day, 1979; O'Day and
Durston, 1979). Thus, the differential regulation of cell aggre-
gation in response to variable environmental stress is an
important feature of Dictyostelium development.
Although the molecular mechanisms of asexual development
have been studied extensively, there are still many devel-
opmentally regulated genes that are functionally unknown
(Eichinger et al., 2005). As is demonstrated by microarray
analysis in developmental time course, drastic transcriptome
changes accompany cell aggregation (Van Driessche et al.,
2002), suggesting the occurrence of up- and down-regulation of
many regulatory genes at the aggregation stage. Furthermore,
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development or common to asexual and sexual development,
and are of interest in terms of the determination of develop-
mental choice. One of the unigenes in Dictyostelium cDNA
database (Dicty_cDB) (Urushihara et al., 2004, 2006), homo-
logous to human krs1 (kinase responsive to stress 1), is highly
represented at the aggregation stage of asexual development,
and hence caught our attention.
The human krs1, also known as the Mst2 (mammalian
sterile twenty-like 2) gene, encodes a serine/threonine protein
kinase (Wang, 2003). It was reported that MST2 could be
activated by environmental stress, including high temperature,
heat shock, and high concentrations of sodium arsenite, and by
apoptotic agents such as staurosporine, Fas antigen/CD95, the
anti-cancer drug cytotrienin A, and bisphosphonates (Taylor et
al., 1996; Graves et al., 1998; Watabe et al., 2000). This
protein possesses two signal domains, i.e. nuclear export signal
(NES) and nuclear localization signal (NLS) (Lee and
Yonehara, 2002). One of the major mechanisms for the
cytoplasmic localization of proteins is a nuclear export system.
Many cytoplasmic proteins involved in cellular signaling are
transported actively to the cytoplasm by NES (Fukuda et al.,
1996). In contrast, the selective nuclear import of protein is
mediated by NLS and cognate transport factors known as
importins (Pemberton et al., 1998).
Free-living cells, like Dictyostelium amoebae, are very often
exposed to stressful conditions, and therefore have needed to
develop survival mechanisms. Many of the intracellular
responses to external signals are mediated by kinase cascades.
The mitogen-activated protein kinase (MAPK) system is one
such cascade activated by external signals (Robinson and Cobb,
1997). This pathway regulates cellular responses to external
stress in various organisms, including yeast, plants and
mammals (Kyriakis and Avruch, 2001; Zwerger and Hirt,
2001; Saito and Tatebayashi, 2004). In the present study, we
characterized the above-mentioned Dictyostelium counterpart
of human krs1 and performed reverse genetic analyses.
Assuming that the multicellular development of Dictyostelium
has evolved through the cellular response to starvation stress,
krsA is highly likely to participate in the developmental process.Materials and methods
Growth and development of Dictyostelium
KAX3 and the cells derived from it were grown for experiments in HL5
medium either on tissue culture plates or in shaken suspension (120 rpm) at 22 °C.
Strains possessing the blasticidin-resistance gene and neomycin-resistance gene
were grown in HL5 supplemented with 10 μg/ml of Blasticidin S and 20 μg/ml of
G418, respectively. Alternatively, the cells were grown on an SM-agar plate with
Klebsiella aerogenes as food. To initiate asexual development, the cells wereFig. 1. Structure of Dictyostelium KrsA. (A) The domain structure of KrsA is schema
The amino acid sequence of KrsA (D.d) is aligned with human (H.s), mouse (M.m), f
are in black and similar residues are in gray. The closed triangle and square indicate a
leucine residues in NES and positively charged residues in NLS are shown as black a
and sexual development are shown. IC: fusion-incompetent cells, FC: fus
CAGATTTCGGTGTTAGTGGTCAATT-3′ and 5′-ACAGTTTGACGTTTTGCCATwashed in KK2 buffer (16.5 mM KH2PO4, 3.8 mM K2HPO4, pH 6.2) and plated
on a nitrocellulose filter. To observe cell aggregation and streaming under
submerged conditions, the cells were washed in Bonner's Salt Solution (BSS)
(Bonner, 1947), placedon a tissue culture dish (Nunc,USA) at 1.5×105 cells/cm2,
and submerged in BSS. For sexual development, equal numbers of fusion-
competent cells or gametes fromKAX3 andV12, or their derivatives, weremixed
together and inoculated into a culture dish at 1×106 cells/ml (Muramoto et al.,
2005).
Gene expression analysis by real time PCR
Total RNA was isolated at the indicated times using an RNeasy Mini kit
(Qiagen, Germany) according to the manufacturer's instructions. This was
followed by the removal of contaminating genomic DNA with an RNase-Free
DNase Set (Qiagen, Germany). The first strand cDNA was synthesized using
Superscript II RT (Invitrogen Corporation, USA). The concentration of the
template was adjusted by amplification using the primer set for Ig7 (GenBank
accession no. U21880). Real-time PCR was performed with an ABI 7900HT
Sequence Detection System (Applied Biosystems, USA). The amplifications
were carried out using SYBR Premix Ex Taq (TAKARA, Japan).
Generation of krsA knockouts
To generate the krsA targeting construct of KAX3, pKrsA-K, a 2.4-kb
fragment containing the krsA Open Reading Frame (ORF) was amplified by PCR
using the genomic DNA as a template. The primers used were 5′-CTCAAC-
CTAATACCCCTTCTAAAAA-3′ and 5′-TTGCATTGATCTTGGTTTCG-3′.
The amplified fragment was cloned using a pGEM-T TA cloning vector
(Promega, USA), digested with HindIII, and inserted into a bsr gene cassette
predigested withHindIII. In order to enhance the efficiency with which krsAwas
targeted in V12, a 752-bp fragment and a 777-bp fragment within the krsA gene
were amplified by PCR using V12 genomic DNA as a template to generate a
knockout construct, pKrsA-V. The primers usedwere 5′-TGTCAACGCTCAAT-
GTACCAA-3′ and 5′-GACTTCAGGAGCCATCCAAA-3′ for the 752-bp fragment,
and 5′-GGCAGAATCAAAACCACCAT-3′ and 5′-TGGTGACATCATCATCA-
CTCTT-3′ for the 777-bp fragment. The amplified fragments were then ligated
to the ends of the bsr gene cassette. All constructs were introduced into KAX3 or
V12 cells by electroporation, and stable transformants were selected with 10 μg/
ml Blasticidin S as previously described (Muramoto et al., 2005). Multiple
disrupters were obtained for both KAX3 and V12.
Determination of cell size and viability in high osmotic conditions
Growth phase cells were deposited on a glass-bottom dish (Iwaki, Chiba,
Japan) and allowed to settle. Then, microscopic cell images were photographed.
Areas of randomly chosen cells from the pictures were measured using Leica
IM500 software. To assay cell viability, cells were first cultured with con-
centrated K. aerogenes in BSS. They were then shaken in BSS at a density of
5×106 cells/ml for 1 h, washed three times with and resuspended in BSS at
2×106 cells/ml, and then stimulated with 400 mM glucose. Cell viability was
determined by plating 200 cells on an SM agar plate with K. aerogenes and by
counting the number of plaques after 4 days of culture.
Assay for cAMP generation
The axenically grown cells were washed twice with 15 mM Na/K phosphate
buffer (pH 6.5) and shaken for 1 h at a density of 1×107 cells/ml. Starving cells
in shaken suspensions were stimulated with (for the assay during osmotic shock)
or without (for the assay during cAMP relay) pulsatile 30 nM cAMP every 6 mintically shown. NES: nuclear export signal, NLS: nuclear localization signal. (B)
ly (D.m), and worm (C.e) counterparts. Residues identical between the homologs
canonical ATP-binding site and phosphorylation site, respectively. Characteristic
nd white circles, respectively. (C) The expression patterns of krsA during asexual
ion-competent cells. Primer sequences used for real-time PCR are 5′-
TGT -3′.
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5×107 cells/ml (for the assay during osmotic shock) or 1×107 cells/ml (for the
assay during cAMP relay) with 15 mMNa/K phosphate. In the assay for osmotic
shock, glucose was added to a final concentration of 400 mM and aliquots
(100 μl) were added to 100 μl of 3.5% perchloric acid at the indicated times. In
the assay for cAMP relay, following 20 min of shaking on a gyratory shaker at
120 rpm, 100 μl of the suspension was added to 100 μl of 3.5% perchloric acid at
the indicated times. After neutralization of the lysate by adding 50 μl of 50%
saturated KHCO3, the cAMP concentration was determined using cAMP
Biotrak EIA System (Amersham Bioscience, UK).
In vitro adenylyl cyclase activities were measured as described by Kim et al.
(1998) with a few modifications. Briefly, starved cells were resuspended in ice-
cold 2× lysis buffer (20 mM MgCl2 and 500 mM sucrose in 20 mM Tris–HCl,
pH 8.0) at 1×108 cells/ml and lysed through nucleopore filters (pore size, 3 μm)
with or without 30 μM guanosine 5′-O-(3-thiotriphosphate) (GTPγS). The
reaction was started 30 sec later by adding an equal volume of 1mMATP, 20mM
dithiothreitol (DTT) and 0.4mM3-isobutyl-1-methylxanthine (IBMX)preheated
at 40 °C. The samples were kept at 22 °C during the reaction. Aliquots (100 μl) of
the mixture taken at 0 and 1 min were mixed with an equal amount of 3.5%
perchloric acid to terminate the reaction, and the cAMP concentration was
determined as above. Protein concentrations were quantified using a Quick Start
Bradford Protein Assay Kit (Bio-Rad Laboratories, Inc., USA).
Generation of KrsA-GFP overexpressors with or without KrsA
mutation
The full-length KrsA coding sequence was amplified using a cDNA clone,
FC-AV09 (GenBank accession no. C24405) (Muramoto et al., 2003), and clonedFig. 2. Generation of krsA− mutants. (A) Structures of knockout constructs are show
and pKrsAKO-V are for the disruption of KAX3 and V12, respectively. E: restrictio
analysis. (B) The disruption of krsA in KAX3 was confirmed by Southern blot anal
genomic DNAwas digested with EcoRI and hybridized with a 32P-labeled fragment
Total RNA was prepared from aggregation-stage cells, reverse-transcribed and a
GCAGGAT-3′ and 5′-TTCCTCAGCGGAAGGTCTTA-3′. FC-AL23 is an internal c
were used for further experiments.into the pGEM-T vector (Promega, USA). Avector expressing green fluorescent
protein (GFP) fused to the N-terminus of KrsAwas constructed by inserting the
krsA ORF into pBIG-GFP (Nagasaki et al., 2001). Expression vectors for
truncated KrsA, GFP-KrsAΔC, GFP-KrsAΔNS, and GFP-KrsAΔkinase, were
constructed by amplifying the appropriate regions, as shown in Fig. 7A, and
inserting the resulting fragments into the pBIG-GFP vector. The resultant
plasmids were designated as pKrsA-ΔC, pKrsA-ΔNS and pKrsA-Δkinase,
respectively. For the introduction of mutations into the full-length krsA cDNA at
the 49th and 173rd amino acids, PCR-based site-directed mutagenesis was
performed, and the resultant plasmids were designated as pKrsA-K49R and
pKrsA-T173A. Nucleotide sequences of these constructs were confirmed using
an ABI 377 auto sequencer.
Nuclear staining
Cells were allowed to adhere to glass cover slips for 5 min and then fixed with
3.7% formaldehyde in 15 mM Na/K phosphate buffer (pH 6.5) for 5 min. Nuclei
were stained using Hoechst 33342 (Wako, Japan). Cells were observed using a
Zeiss Axiovert 200 microscope equipped with a 100× Achroplan objective.
Results
Characterization of an aggregation-stage specific gene, krsASince the full-length cDNA clones in Dicty_cDB were
randomly chosen from cDNA libraries at vegetative, aggre-n. The gray box represents the krsA coding region. The constructs pKrsAKO-K
n site for EcoRI. The bar indicates the region used as a probe for Southern blot
ysis of genomic DNA. K3 and K5 are two independent knockout mutants. The
of krsA as a probe. (C) The loss of krsA expression was confirmed by RT–PCR.
mplified by PCR. The primer sequences used are 5′-GGAACATTGTGGA-
ontrol for the mRNA level. K3, derived from KAX3, and V1, derived from V12,
Fig. 3. Growth defects of krsA− cells. (A) Growth curves of KAX3 and krsA−
cells in HL5 are shown. (B) The diameters of growth phase cells on a glass dish
are shown. One hundred cells were randomly chosen from the pictures and their
areas were measured using Leica IM500 software. (C) Cell viability is plotted
for the indicated time of incubation in BSS containing 400 mM glucose. The bar
indicates STD.
81T. Muramoto et al. / Developmental Biology 305 (2007) 77–89gation, slug, and culmination stages constructed by the same
method (Urushihara et al., 2006), the prevalence of the clones for
each gene in those stages roughly parallels the stage specificity.
Thus, we searched the database for unigenes (cDNA contigs)
that represented uncharacterized genes and contained clones
from the asexual aggregation stage at higher percentages
(>60%). One such contig, Contig-U15328, consists of 19 full-
length cDNA clones, 15 of which (78.9%) are from the
aggregation stage and the rest are equally from the vegetative
and culmination stages. The first sequence of the constituent
clones was from the gamete-phase cDNA library (Muramoto et
al., 2003) and has been deposited to DDBJ as D. discoideum
kinase responsive to stress 1-like kinase mRNA (AF061281), for
it encodes a probable serine/threonine protein kinase gene
homologous to human krs1. We here renamed the gene krsA
according to the Dictyostelium nomenclature guide.
The predicted protein, KrsA, possesses three conserved
sequences: a kinase domain in the N terminal half, a nuclear
export signal (NES) and a nuclear localization signal (NLS) at
the C terminal (Fig. 1A). In the kinase domain, Dictyostelium
KrsA exhibits 57.1% similarity with the worm Mst and 55.9%
similarity with human Krs1 and mouse Mst2 (Fig. 1B). These
kinase domains share a sequence motif, containing lysine 49
(K49), which defines a canonical ATP-binding site. Based on
the consensus motif of TxxxTxxxAPE for the phosphorylation
of protein kinases such as PAK1 (King et al., 2000) and PKA
(Cheng et al., 1998), Threonine 173 (T173) is considered
important for the phosphorylation. This residue is also capable
of intermolecular autophosphorylation and autoactivation in the
mouse (Deng et al., 2003).
To confirm the aggregation-stage specific expression of
krsA, real-time PCR was performed using a set of krsA-
specific primers. As shown in Fig. 1C, the amount of krsA
mRNA dramatically increased at 8 h of asexual development,
and then rapidly fell to the initial level. After a slight increase
at 16 h, it decreased to a much lower level than the vegetative
stage. The krsA expression level was unchanged throughout
sexual development.
Growth defects of krsA− mutants in an axenic medium
To investigate the role of KrsA during growth and
development, we disrupted the krsA sequence in KAX3 by
homologous recombination. As shown in Fig. 2A, a Blasticidin
S resistance cassette was inserted into the kinase domain of
krsA, and gene disruption was confirmed by Southern blot
analysis. The results for two representative mutants, krsA− K3
and krsA− K5, are shown in Fig. 2B. Since the two exhibited
similar phenotypes, only the results for krsA− K3 will be given.
The lack of krsA mRNA in krsA− mutants was confirmed by
RT–PCR (Fig. 2C, left).
The knockout mutants were viable and grew well on SM
agar plates with K. aerogenes. However, their growth rates were
slightly, but significantly, lower than that of KAX3 in the HL5
medium (Fig. 3A). In addition, krsA− cells in HL5 were smaller
than KAX3 cells when deposited on a glass surface (Fig. 3B).
This is not attributed to the difference in cell spreading becausethe volume of cell pellet was much smaller in krsA− than KAX3
and because the cellular protein content of krsA− was less than
half of KAX3 (data not shown). Nevertheless, the krsA− cells
grew at normal rates or even a little faster on the lawn of food
bacteria with no detectable difference in cell size (data not
shown). Since the HL5 medium contains about 75 mM glucose,
giving rise to high osmotic pressure for D. discoideum, and
since KrsA is a stress response kinase, the anomalies of the
knockout mutants in HL5 medium may have resulted from a
sensitivity to hypertonic conditions. To examine this possibility,
cell viability in 400 mM glucose was tested as described in
Materials and methods. While about 60% of the KAX3 cells
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40% of the krsA− cells were viable (Fig. 3C). The difference
was even more remarkable at 30 min of incubation, when nearly
90% of KAX3 cells were viable. The viability of the krsA− cells
was already below 60% at that time.
Abnormal cell aggregation in krsA− mutants
The asexual development of the krsA− mutants on the
membrane filter was slightly different from that of KAX3.
Namely, the krsA− mutants formed smaller aggregates andFig. 4. Developmental phenotype of the krsA−mutant. (A) Developmental morpholog
two images in the top row and the two images in the bottom row. (B) Growth ph
1.5×106 cells/cm2, and then incubated for 8 h. (C) KAX3 cells were mixed with krculminated faster (Fig. 4A). To investigate the aggregation
characteristics of the mutants in more detail, the cell suspension
was plated in a plastic dish. Under these submerged starvation
conditions, KAX3 cells formed distinct aggregation streams at
8 h of incubation, and these streams went on to form tight
aggregates, whereas krsA− cells formed only small clumps of
cells (Fig. 4B). Although the clumps increased in size after
prolonged incubation, aggregation streams were not observed.
The aggregation-defective phenotype of krsA− mutants was
partially restored by the addition of KAX3 cells to 10%, and
complete aggregation streams were observed when the propor-y of KAX3 and krsA− cells at 8 h and 14 h. The magnification is the same for the
ase cells were washed and resuspended in BSS, inoculated in a plastic dish at
sA− cells to 10% (left) or 50% (right) and incubated for 8 h.
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the motility and chemotactic activity toward cAMP of individual
cells, the results were indistinguishable from KAX3 cells (data
not shown).
We also disrupted the krsA gene in V12 (Fig. 2C, right) in
order to investigate the aggregation during sexual development.
The sexual cell fusion and macrocyst formation between krsA−
cells of KAX3 and V12 (K3 and V1) were comparable to the
cross between parental strains (data not shown).
Early gene expression and cAMP oscillation defects in krsA−
cells
To analyze the function of krsA, we examined the expression
patterns of six early developmental genes in the krsA− mutant
by real-time PCR. The mRNA levels of four genes, acaA, carA,
pkaR and regA, all relevant to intracellular cAMP signaling,
increased until 8 h in KAX3. On the other hand, the levels of allFig. 5. Expression pattern of genes related to cAMP signaling in krsA− cells. The mR
were determined by real time PCR.four genes had reached a peak or plateau at 4 h in krsA− (Fig. 5).
In contrast, the expression patterns of pdsA and pdiA were
almost identical between KAX3 and krsA−.
Since the lack of aggregation streams in krsA− suggested that
the cells were unable to relay the cAMP signal, we next
analyzed cAMP oscillation in the mutants. To do this, the cells
were pulsed with 30 nM cAMP every 6 min for 5 h, and then the
cAMP concentration was measured as described in Materials
and methods. Under these conditions, KAX3 cells produced a
spontaneous oscillation of the cAMP concentration, with a
period of about 6 min (Fig. 6A). In contrast, the krsA− cells
exhibited no significant oscillation, nor any accumulation of
cAMP. Thus, the ability to generate a cAMP oscillation was
impaired by the disruption of the krsA gene, suggesting that the
encoded protein acts as a regulator of the cAMP relay-system in
D. discoideum.
cAMP is a central signal transducer for cell aggregation in the
early development of D. discoideum. Hyperosmotic conditionsNA levels of acaA, carA, pkaR, regA, pdsA, and pdiA relative to KAX3 at 0 h
Fig. 6. Generation of cAMP in response to starvation and osmotic shock. (A)
KAX3 and krsA− cells were stimulated by cAMP pulse for 5 h under starvation
conditions, and then aliquots of the cell suspension were taken at 1-min intervals
to determine the intracellular cAMP concentrations. (B) Cells were exposed to
400 mM glucose for the indicated periods and then cAMP concentrations were
determined. Representative results of three independent experiments are shown.
(C) Starved KAX3 and krsA− cells were lysed on ice through nucleopore filters
with or without 30 μM GTPγS and incubated with ATP, IBMX, and DTT for
1 min at 22 °C as described in Materials and methods. The black and white bars
indicate adenylyl cyclase activity with and without GTPγS, respectively. The
results are presented as means with S.D. of four independent experiments
performed in triplicate.
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et al., 2000). As KrsA is a putative stress-responsive protein
and its null phenotype resulted in a defect in cell aggregation,
we determined the amount of cAMP produced under
hyperosmotic stress in the krsA− mutant. When 400 mM glu-
cose was applied to KAX3 cells, the level of cAMP increasedrapidly with a peak at 6, 12 and 18 min after the hyperosmotic
shock. The second and third peaks can be attributed to
oscillatory cAMP production, since the interval, 6 min, is the
same as shown in Fig. 6A. In contrast, krsA− cells did not show
any significant increase in the level of cAMP due to
hyperosmotic shock (Fig. 6B).
There are two possible functions of KrsA in the production
of cAMP in vivo. One is to activate adenylyl cyclase. The
other is to inhibit the degradation of cAMP. In order to clarify
these two possibilities, we measured the adenylyl cyclase
activity of KAX3 and krsA− cells using GTPγS in the
presence of 3-isobutyl-1-methylxanthine (IBMX) and dithio-
threitol (DTT), inhibitors of intracellular and extracellular
cAMP phosphodiesterases, respectively. In KAX3 cells,
adenylyl cyclase activity was significantly increased by the
addition of GTPγS, whereas the addition of GTPγS to krsA−
cell lysate actually reduced the adenylyl cyclase activity (Fig.
6C). The cAMP concentrations were much lower without the
addition of these inhibitors in KAX3 cells, indicating that the
degradation of cAMP was blocked in the assay system (data
not shown). From these results, it is likely that KrsA functions
as an activator of adenylyl cyclase rather than an inhibitor of
cAMP phosphodiesterase.
Involvement of the kinase domain in the cAMP relay-system
Supposing that KrsA in D. discoideum actually acts as a
kinase, the ATP-binding site (K49) and the phosphorylation
site (T173) in the kinase domain should be indispensable to its
function. To examine this possibility, we generated various
constructs in pBIG-GFP to express the truncated forms of
KrsA (Fig. 7A) with GFP at the N terminus, and then
introduced them into krsA− cells. The expression of krsA or
its mutated transcripts in the transformants was confirmed by
RT–PCR (Fig. 7B). In the submerged aggregation assay,
krsA− cells did not form aggregation streams, as already
described. The ability to form streams was completely
recovered in the KrsA-full transformants, while it was only
partially recovered in the transformants with ΔC, ΔNS, and
K49R (Fig. 7C). Stream formation was negligible in the
transformants with Δkinase and T173A. It is evident that the
kinase domain is essential for KrsA to function, although K49
was not critical as expected. We transformed pKrsA-full to
erk2− cells but their aggregation-less phenotype was not
restored (data not shown).
Since retaining the kinase domain has been shown not to be
sufficient for a complete restoration of the ability to form
streams, we examined the effects of NES by determining the
subcellular distribution of mutated KrsA. The GFP-fused
proteins of KrsA-full, -K49R and -T173A were found
exclusively in the cytoplasm (Fig. 8). In contrast, those of
KrsA-ΔC and KrsA-ΔNS were distributed mainly in the
nucleus, and that of KrsA-Δkinase, in both the cytoplasm and
nucleus. The function of NES as an actual nuclear export
signal was further demonstrated by treating KrsA-full cells
with a nuclear export inhibitor, leptomycin B (LMB), which
inhibits the protein CRM1/exprotin (Kudo et al., 1999). As
Fig. 7. Effects of KrsA mutation on cell aggregation. (A) Structures of the mutated KrsA are schematically shown. The names of the constructs are shown on the right.
(B) The expression of krsAwas confirmed with RT–PCR. The primer sequences of krsA used in the left panel were 5′-GGAACATTGTGGAGCAGGAT-3′ and 5′-
TTCCTCAGCGGAAGGTCTTA-3′. Those used in the right panel were 5′-AAAGGTAGAGAAGTCGCTTTA-3′ and 5′-AAAGGAACATTGGTGACATCAT-3′.
FC-AL23 is an internal control for the mRNA level. (C) Cells of KAX3 (WT), krsA− (KO) or krsA− cells expressing mutated KrsA as indicated were incubated under
submerged conditions for 8 h.
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localization of KrsA to the nucleus, as observed in ΔNS
transformants. In order to understand why transformation of
pKrsA-ΔC partially restored stream formation while mainly
localized in the nucleus, we examined the cAMP oscillation
and osmotic cAMP responses in KrsA-ΔC cells. There was no
oscillation or significant increase in the level of cAMP in these
cells (data not shown).Discussion
In the present study, we demonstrated that a disruption of the
gene for a stress response kinase, krsA, resulted in a decrease in
osmo-resistance via cAMP signaling in Dictyostelium cells, as
well as a loss of the spontaneous oscillation of the cAMP level
in the starved cells, which in turn led to a lack of aggregation
streams under submerged conditions. These results strongly
Fig. 8. Subcellular localization of KrsA. (A) Wild-type and mutated KrsA fused with GFP were expressed in the krsA− cells and their localization in the aggregation-
phase cells was examined. Left: green fluorescence. Center: Hoechst 33342 staining of nuclei. Right: merged. Representative images are shown.
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signaling cascade. In vitro adenylyl cyclase measurements in
the presence of the cAMP phosphodiesterase inhibitors
indicated that KrsA is involved in the activation of adenylyl
cyclase rather than the inhibition of cAMP phosphodiesterase.
cAMP oscillation is known to be important for the formation
of aggregation streams in D. discoideum (Tomchik and
Devreotes, 1981). In our study, the cAMP oscillation was
negligible and the level of production itself was lower in the
starved krsA− cells. Furthermore, hyperosmotic stress did not
raise the cAMP concentration in krsA− cells. These results
indicate that KrsA is a key protein that regulates cAMP
signaling and the stress response, and suggest that cAMP sig-Fig. 9. Leptomycin sensitive cytoplasmic localization of KrsA. KrsA-full cells were t
localization of KrsA–GFP was examined as in Fig. 8.naling during early development is mediated by the same
pathway as in the stress response. One possible explanation for
the loss of cAMP production in krsA− cells is that cAMP
phosphodiesterase is constitutively active in them as it was in a
disrupter of a MAP kinase gene, erk2− (Maeda et al., 1996;
Shaulsky et al., 1996; Thomason et al., 1998). However, this
turned out not to be the case because addition of the cAMP
phosphodiesterase inhibitors did not restore the cAMP level in
krsA− cells. This is consistent with our observation that the
ectopic expression of pKrsA-full in erk2− cells did not restore
cell aggregation, even with the pulsatile cAMP (data not
shown). Thus, we conclude that KrsA functions as an activator
of adenylylcyclase.reated with 10 ng/ml leptomycin B (LMB) for the periods indicated, and then the
87T. Muramoto et al. / Developmental Biology 305 (2007) 77–89The fact that cells with Δkinase and T173A formed only
small cell clumps without streams indicates that the kinase
domain is important for the formation of aggregation streams.
The reason why the substitution K49R did not affect the function
of KrsA is unknown. Lee et al. (2001) generated a mutant of
KrsA homolog MST1 having the substitution K59R, and
reported that it had no activity. Although we cannot exclude
the possibility that ACA itself is the target of KrsA phosphor-
ylation, it is also possible that KrsA activates one or more
proteins required for ACA activation such as RacC (Lim et al.,
2001), Ras interacting protein Rip3 (Lee et al., 1999), Ras
nucleotide exchange factor RasGEF (Insall et al., 1996), or
Pianissimo (Chen et al., 1997). It is worth noting that KrsA is
exclusively found in the cytoplasm, although it has an NLS. This
suggests that the nuclear export ofMST is more efficient than the
nuclear import. However, KrsA-Δkinase containing the NES
domain was distributed not only to the cytoplasm, but also to the
nucleus. Because phosphorylation regulates the localization of
mammalian MST kinase (Lee and Yonehara, 2002), the
localization of KrsA may be regulated in a similar manner.
Since expression of KrsA-ΔC which is mostly localized in
the nucleus partially restored stream formation of krsA−
cells without ACA activation, KrsA may play some other
roles to affect adhesive and/or chemotactic activities during
cell aggregation.
It should be pointed out that in spite of the absence of cAMP-
relay, krsA− cells developed into normal fruiting bodies on a
nitrocellulose filter (Fig. 4).Wang and Kuspa (1997) reported that
moderate expression of the catalytic subunit of PKA in the
adenylyl cyclase-null cells led to near normal development
without the detectable accumulation of cAMP. Although it was
later found that cAMP production was possible in the acaA− cells
by a minor adenylyl cyclase (ACB) encoded by acrA (Meima and
Schaap, 1999), a triple mutant acaA−/acrA−/pkaCOE was shown
to develop beyond the aggregation stage (Anjard et al., 2001).
Therefore, aggregation of krsA− cells in the absence of cAMP
oscillation might be explained by higher activity of PKA.
However, the pkaR expression was only slightly higher at 4 h
and lower at 8 h in krsA− cells compared to the parental KAX3
cells (Fig. 5). Moreover, krsA− cells did not show the density
dependence of cell aggregation observed in acaA−/pkaCOE cells
(Wang and Kuspa, 1997) but aggregated normally at the cell
densities below 5.5×105 cells/cm2 where acaA−/pkaCOE cells
did not develop (data not shown), suggesting a narrow probability
of PKA for a downstream target of KrsA.
Pulsate cAMP signaling and chemotaxis is thought to be
required for the recruitment of cells from a distance, which also
enables properly sized aggregates to form, irrespective of the
initial cell density (Levine et al., 1996). Thus, the smaller
aggregates of krsA− cells developed on the nitrocellulose filter
can be explained by the loss of cAMP oscillation to form a
multicellular organization of the appropriate size. In this
connection, it is worth mentioning that the sexual development
of krsA− cells was indistinguishable from that of the wild-type
cells, even when the gene was disrupted in both KAX3 and V12
cells. This is understandable because sexual cell aggregation is
not mediated by the cAMP relay system but by the secretion of ahigher concentration of cAMP by zygote giant cells, and thus
streams are not formed (O'Day, 1979; O'Day and Durston,
1979). We have the results indicating that Erk2, CRAC
(Shimizu et al., 1997), and RasC (Furuya et al., unpublished
data), required for ACA activation, are not essential for
macrocyst formation. Thus, it is emerging that different systems
for ACA regulation operate during asexual and sexual
development, even though both systems utilize the same
chemoattracting strategy for cell aggregation.
While preparing this work, a report on krsA appeared on
line (Arasada et al., 2006), in which its kinase activity was
confirmed. The protein was described as Krs1 but we prefer to
follow the nomenclature guidelines and have used krsA for the
gene and KrsA for the protein. Some of the experiments in the
present study have also been described by Arasada et al. with
slightly different results. First, although the expression of krsA
was upregulated at the aggregation stage in both studies, the
peak was at 12 h after starvation according to Arasada et al.
and at 8 h in the present study. Second, the subcellular
localization of KrsA protein has commonly been described as
cytoplasmic, but the overexpressed GFP–KrsA fusion protein
was concentrated in the cortex according to Arasada et al.,
though no particular localization was observed in the present
study. Finally, observed developmental phenotypes of krsA−
cells were the same in that the cells did not form aggregation
streams under submerged starvation conditions but formed
normal fruiting bodies on agar plates or filters. Arasada et al.
did not mention any alteration in the size or developmental
timing of the mutant. These differences between the two
reports might have been caused by differences in the strains
and vectors used. The major importance of the present study is
the finding that the krsA− cells are greatly reduced in cAMP
production and in osmo-resistance, which lead us to conclude
that krsA plays a key role in both these processes.
Free-living cells, such as Dictyostelium amoebae, live with
changing environmental conditions and have evolved various
mechanisms to survive. It is likely that cells have utilized stress-
defensive pathways to develop multicellular systems. Osmotic
stress might be one such environmental stress. In response to
hyperosmotic stress, Dictyostelium cells withstand extensive
shrinkage, largely by remodeling the cortical cytoskeleton
(Insall, 1996; Kuwayama et al., 1996). Their response to
osmotic stress is mediated by cGMP and cAMP, second
messengers that are also important for controlling the develop-
ment of Dictyostelium. Hyperosmotic treatment of cells induces
the production of cAMP and cGMP (Kuwayama et al., 1996;
Oyama, 1996; Ott et al., 2000). The accumulation of cAMP
depends on DokA, which controls the intracellular cAMP
phosphodiesterase RegAvia the phosphorylation of RdeA late in
development (Ott et al., 2000). In this study, we showed that
KrsA is essential, not only to the hyperosmotic stress response,
but also to cAMP-relay during the initiation of development.
Considering that cell aggregation accompanied by cAMP-relay
is the primary step in the multicellular development of Dic-
tyostelium, it is of interest whether the KrsA stress response
systemwas adapted for use in development, during the evolution
of multicellularity in Dictyostelium.
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